The effect of three foliar-applied Ca-containing preparations on the anatomical features of leaves of sweet pepper (Capsicum annuum L.) was studied. The following preparations were used: Ca(NO 3 ) 2 , Librel Ca and Wapnowit, applied at the respective concentrations of 0.5%, 1%, 1%, which corresponded to a content of 2000 mg Ca dm -3 . Light and scanning electron microscopy were used in the study. It was demonstrated that in amphistomatic bifacial pepper leaves numerous specialised cells occurred which accumulated calcium oxalate crystals in the form of crystalline sand. Anisocytic stomata were found with a much greater density in the abaxial epidermis. They were characterized by very well-developed outer cuticular ledges. It was found that in the leaves of the plants sprayed with the nutrient supplements with increased Ca content there was a much smaller number of epidermal cells per 1 mm 2 than in the control plants. These cells were distinguished by an increased size. In the case of the application of the nutrient supplements Librel Ca and Wapnowit, the number of stomata also decreased. However, the application of the calcium supplements resulted in an increase in the value of the stomatal index compared to the control, which is attributable to a significant reduction in the number of epidermal cells not belonging to the stomata. The plants additionally supplied with Ca were marked by a larger number of colenchyma layers and an increased volume of leaf parenchyma cells.
INTRODUCTION
Calcium exhibits low mobility in plant organs. It is passively transported along the xylem elements with the transpiration current and is most frequently accumulated in older leaves (S t a r c k , 1998). Excessive amounts of calcium can be fixed with oxalic acid and deposited in the tissues of such leaves (S t a r c k , 1998). An uneven distribution of calcium in lettuce leaves was found by C h o i and L e e (2001) using radioactive Ca. The abovementioned authors also confirmed low mobility of this element in leaves.
Calcium is a component of cell walls in plants. It is found in the middle lamella formed from calcium pectinate. It belongs to the substances encrusting cell walls (calcium carbonate). Therefore, the appropriate supply of plants with calcium affects their proper strength and resistance to pathogenic factors (S t a r c k , 1998).
Calcium deficiency symptoms manifest themselves primarily in younger leaves which curl and undergo necrosis (H o and A d a m s , 1998). A hidden deficiency of calcium, without revealing external symptoms, may reduce plant yields (M u l h o l l a n d et al. 2001; M i c h a ł o j ć and S z e w c z u k , 2003).
At the time of fruiting of plants, many elements (K, N, P, Mg) move from leaves to fruits. In fleshy fruits (apples, tomatoes, pepper), a high content of potassium and a low content of calcium are found (S t a r c k , 1998). Calcium deficiency symptoms include the following: blossom-end rot in tomato and apple fruit as well as bitter pit in apples. The abovementioned physiological diseases result from local calcium deficiency; hence, they are not caused by an absolute absence of this element, but rather by disorders in the transport of Ca +2 regulated by, among others, cytokinins (W a r d , 1973; H o et al. 1999 ; M e n g e l , 2002; S u z u k i et al. 2000) . With in a plant, calcium is transported almost exclusively through the xylem elements (S t a r c k , 1998).
Anatomical changes occurring in the incidence of blossom-end rot of tomato fruit have been studied by S u z u k i et al. (2000) . No analysis of the tissues of pepper leaves and fruits in which Ca deficiency and symptoms of blossom-end rot of fruit are found has been made hitherto. The aim of the present study was to compare the structure of the epidermis in pepper leaves and to estimate the range of changes occurring in plants in which symptoms of blossom-end rot of fruit were observed and in plants treated with three different Ca-containing preparations.
MATERIALS AND METHODS
The study on sweet pepper (Capsicum annuum L.), cv. 'Red Knight' F 1 , was conducted in a greenhouse of the Felin Experimental Farm in 2008 and 2009. The growing period from seed sowing to the termination of the experiment in both years of study was about 7 months (27 February -7 October 2009 4 H 2 O at amounts used for peat growing media. Micronutrients were supplied to the growing medium once before transplanting the plants to their permanent place. Phosphorus was applied in the middle before transplanting the plants and in the sixth week of growing, whereas nitrogen, potassium and magnesium were supplied at 1/7 before the growing period, and the remaining amounts were applied as top dressing at 10-day intervals.
The effect of the following types of calcium supplements on anatomical changes in sweet pepper leaves was investigated: control (spraying with distilled water); Ca(NO 3 ) 2 19% Ca, 15.5% N; Librel Ca -with a composition containing 9.5% of Ca EDTA,; Wapnowit -with a 11.9% content of Ca, 10% N, 0.48% Mg, 0.05% B, 0.02% Cu, 0.02% Zn.
Calcium feeding was started from the development phase when the fruits reached the size of a walnut in the first cluster. In the case of nutrient feeding performed every 10 days, 0.6 g of Ca was supplied to the plant (10 treatments) within the whole period, whereas in the case of nutrition performed every 20 days, it was 0.3 g of Ca (5 treatments). The plants which were sprayed with distilled water at appropriate dates were the control treatment. The working concentration of particular preparations was as follows (percentage weight): Ca(NO 3 ) 2 , -0.5%; Librel Ca -1.0%; Wapnowit -1.0%, which corresponded to a content of 2000 mg Ca dm -3 . Leaf samples for microscopic analysis were collected during the termination of the experiment. Leaves were sampled from the middle parts of the plants; they were healthy and fully developed. The structure of the central part of the lamella was analysed. Initial anatomical observations and measurements of lamella thickness were made based on semi-permanent sections, cut manually and embedded in glycerol-gelatine.
Observations of the leaf surface were made using scanning electron microscopy (SEM) after fixing the leaf samples in glutaraldehyde and dehydrating in alcohol series and acetone. After critical-point drying in CO 2 , the sections were coated with gold and analysed using a TESLA BS-300 microscope.
The examination of the leaf tissues was performed using permanent semi-thin sections with a thickness of 1 μm. The plant material was fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.05 M cacodylate buffer for 3 hours. After dehydration in ethanol series, the samples were embedded in Spurr's resin. The specimens were stained with methylene blue with 1% azur II.
In order to compare changes in the number and size of epidermal cells and stomata, the semi-permanent sections of leaf epidermis were analysed and the stomatal index was calculated: 
RESULTS

I. Functional anatomy of pepper leaves
The functional needs of pepper leaves are adjusted to moderate light and moisture conditions, which is characteristic of plants with mesomorphic features. In plants from this group, stomata may occur both in the upper (adaxial) and lower (abaxial) epidermis (Fig. 1  B, C) The location of stomata on both surfaces belongs to the characteristics of amphistomatic leaves.
In terms of tissue arrangement, the pepper leaf represents the bifacial type ( Fig. 1 A-C) . On the adaxial part of the lamella, there occurs one, less frequently two layers of palisade parenchyma, whereas in the abaxial part 3-4 layers of spongy parenchyma are found, with a loose arrangement and large intercellular spaces. At the boundary between the palisade and spongy parenchyma, there are found cells containing in their vacuoles numerous calcium oxalate crystals in the form of crystalline sand (Figs 1B, C). Numerous cells with calcium oxalate crystals are also present in the region of the parenchyma of the leaf midrib (Fig. 1A) .
II. Leaf surface micromorphology
The cells of both the adaxial and abaxial epidermis in pepper leaf exhibit significant folding of the anticlinal walls (Figs 2A, B) . But their outer walls are convex. The surface of the outer walls of the epidermal cells is covered by a thin layer of cuticle which shows fine reticulate sculpture ( Fig. 2A) . Distinct striation of the cuticle is only visible by the stomata and on the veins (Figs 2C, D) . Stomata are found in the lower epidermis at a greater density (Fig. 2B ) than in the upper epidermis ( Fig. 2A) . It was found that in the lower epidermis there were at least 3 times more stomata than in the upper epidermis. In the lower epidermis, they are evenly distributed on the whole surface, whereas in the upper epidermis they are concentrated around the leaf veins. In the areas between the veins of the upper surface of the leaf, the stomata are frequently smaller, closed or not fully developed.
The stomata in pepper leaves are most frequently surrounded by 3 epidermal cells, one of which has a smaller size (Figs 4A, C) . Based on this, they were classified as anisocytic stomata which are characteristic of the family Solanaceae. The outer cuticular ledges, located on the surface of the guard cells, are much better developed in the case of the stomata occurring in the lower epidermis of pepper leaves than in the upper epidermis (see Fig. 2A and B). The better development of the cuticular ledges determines the formation of a larger outer vestibule of the stomata ( Figs 2C; 3A, B) , which performs a role in leaf gas exchange and transpiration. Different types of trichomes are found on the surface of the veins and in their vicinity in the upper and lower epidermis. Most frequently, these are 2-5-celled living non-glandular trichomes which are rounded at the apex (Figs 2D; 3C) . The surface of the cell wall of these trichomes shows numerous granulations. In addition, there occur glandular trichomes composed of a short stalk and a multi-celled head (Fig. 3D) .
Due to a number of structural traits of pepper leaves, it can be thought that the penetration of substances used in spraying into the leaf interior occurs with great ease. It is indicated by the following: a thin layer of cuticle, the occurrence of stomata on both sides of the lamella and a large number of stomata in the lower epidermis.
III. Changes in pepper leaf structure
A comparison of the stomatal indices of the pepper leaf blades calculated for the abaxial (lower) epidermis shows that there was an increase in the value of these indices in the case of all the applied substances with Ca content (Tab. 1). It is generally accepted that the stomatal index used in botanical analysis is a quite constant value for a given species. However, our study demonstrates that the treatment of plants with specific substances with Ca content may result in a change in the value of the stomatal index. We obtained the high- est index (33.0%) in the plants sprayed with the preparations containing Ca(NO 3 ) 2 , whereas for the control plants it was 23.9%. As a result of our study, we found that in pepper leaves the number of epidermal cells recorded per 1 mm 2 was the highest in the control series. We noted a much smaller number of cells of this tissue in the spraying treatments in which the Ca-containing preparations were applied (Tab. 1). It means that there was an increase in the size of the epidermal cells after the treatment with the preparations with Ca and that is why their smaller number per unit area was found. The length measurements of the guard cells also show that there was a slight increase in stoma size after the application of the supplements with Ca (Tab. 2).
The increase in the values of the stomatal indices following spraying with the Ca-containing preparations occurred primarily as a result of a decrease in the number of epidermal cells other than those comprising the stomata, with a slightly reduced number of stomata per unit area (Tab. 1). These changes are associated with the increased size of epidermal cells of the leaf. The study shows that the size of stomata belongs to traits more stable than the size of other epidermal cells, due to a small increase in the length of the guard cells (Tab. Microscopic observations also show that the plants additionally supplied with calcium had better developed layers of subepidermally located collenchyma of the leaf midrib, since this tissue formed at places 2 layers, whereas in the control plants there was only one layer of collenchyma (see Fig. 5A and B) . Differences were also found in the range of cell size of the parenchyma occurring in the leaf midrib. Much larger cells occurred in the plants treated with the 0.5% nutrient supplement Librel Ca than in the control plants (see Fig. 5 A and B) .
DISCUSSION
In the case of pepper, there may be increased demand for Ca due to the fixation of this element in calcium oxalate crystals in the vacuoles of idioblast cells, occurring in great numbers in leaves of this plant. Crystals in the cells of pepper leaves have the form of crystalline sand. This is a characteristic also encountered in other representatives of the family Solanaceae (K o h l m ü n z e r , 1998).
Spraying with the Ca-containing preparations affected the increase in the size of epidermal cells, which resulted in the decrease in the number of cells of this tissue per unit area of leaf. This is the reason why we recorded the increased values of the stomatal indices. It should be stressed that a much larger decline related to the number of epidermal cells which did not form stomata.
In the studied pepper leaves, no differences were observed in the thickness of the outer walls of the epidermal cells after the treatment of the leaves with the calcium supplements. However, the recorded decrease in the number of stomata per unit area of leaf may restrict gas exchange and the uptake of Ca supplied, which occur, among others, thorough stomata (B u r k h a r d t and E i c h e r t , 2001; M e ng e l , 2002). According to the latter author, the cuticle-covered surface of all epidermal cells is of much greater importance for the supply of calcium by foliar nutrition. Our observations show that the outer wall of epidermal cells of the pepper leaf is covered by a relatively thin layer of cuticle, which may be a not very difficult barrier to nutrients penetrating into the leaf interior leaf. After the penetration of the cuticle layer, the solutions penetrate into free spaces in the cell wall of the epidermis, which is filled not only with water, but primarily with atmospheric gases (L o h a u s et al. 2001). Since only the cell wall spaces filled with water enable the diffusion of the solutions to the interior of leaf tissues, good conditions for foliar nutrition of plants occur only at high air humidity (M e n g e l , 2002), which should be taken into account when spraying is performed.
In accordance with the data of some authors, large amounts of Ca are located in the walls of plant cells (S t a r c k , 1998). The studies of S u z u k i et al. (2000) show that calcium also occurs in many cell organelles. In the case of its deficit, the dying of cells of tomato and pepper fruit occurs.
CONCLUSIONS
1. The application of the Ca-containing preparations for spraying of pepper leaves resulted in a decrease in the number of epidermal cells per unit area, which was attributable to a significant increase in the size of these cells. At the same time, in the case of some nutrient supplements there was a reduction in the number of stomata per unit area of leaf, which affected the increase in the stomatal index of pepper leaf. 2. In the leaves subjected to spraying, there was an increase in the number of layers of collenchyma tissue and in the size of parenchyma cells.
